Introduction {#S1}
============

Changes in lifestyle in recent decades have altered the metabolic profile of the world's population \[[@B1], [@B2]\]. The increase in the number of overweight or obese individuals as a result of excessive consumption of hypercaloric foods, sedentarism, and low intake of fibers has contributed to the morbimortality of populations, with an increased prevalence of diabetes mellitus type 2, high blood pressure, dyslipidemia, peripheral resistance to insulin, and other disorders that characterize metabolic syndrome \[[@B1], [@B3][@B4]--[@B5]\].

Among these metabolic changes, resistance to insulin is a clinical condition characterized by a decreased response to the action of insulin in target organs, which results in high serum levels of glucose associated with compensatory hyperinsulinemia through an increase in the number of beta-pancreatic cells \[[@B6][@B7][@B8]--[@B9]\].

Resistance to insulin in peripheral tissues (adipose tissue, liver, and skeletal muscle) is partly caused by molecular adjustments in the level and/or degree of phosphorylation of proteins involved in the intracellular insulin receptor/insulin-like growth factor receptor (IR/IGF1R) signaling pathway \[[@B10][@B11][@B12][@B13][@B14]--[@B15]\].

Proteins located downstream of the IR/IGF1 signaling pathway can be phosphorylated at tyrosine residues of IR substrates (IRSs), mainly IRS1 and IRS2. IRS1 is involved in the stimulation of glucose uptake and glycogen storage in the skeletal muscle, whereas IRS2 acts on the metabolism of the skeletal muscle, adipose tissue, and liver \[[@B16], [@B17]\]. The phosphorylation of these substrates leads to the activation of several kinases, namely phosphatidylinositol 3-kinase (PI3K), which causes the activation of protein kinase B (PKB or Akt) through phosphorylation at serine residues. Akt has several roles, such as glucose transportation, glycogen synthesis, protein synthesis, lipogenesis, and liver gluconeogenesis inhibition \[[@B8], [@B15]\].

Dexamethasone, which is a potent synthetic glucocorticoid with dose-dependent anti-inflammatory and immunosuppressant activities, has been used to investigate intracellular insulin signaling pathways during resistance to insulin \[[@B7], [@B18], [@B19]\]. In addition to resistance to insulin, the adverse effects of its chronic use include dyslipidemia, increased localized fat, and muscle deterioration, which are manifestations that are similar to those in Cushing's syndrome \[[@B20][@B21][@B22][@B23]--[@B24]\].

Glucocorticoids can decrease the expression of IRS1, PI3K, and PKB, causing the migration of a reduced amount of GLUT4 (characteristically found in the skeletal muscle) toward the membrane, thus decreasing glucose uptake and glycogen synthesis \[[@B15], [@B25], [@B26]\].

Among the tissues that respond to insulin, the skeletal muscle accounts for approximately 75% of glucose uptake as it is the largest muscle in the human body \[[@B14]\]. Various skeletal muscle territories, such as the tibialis anterior, extensor digitorum longus \[[@B22]\], soleus, epitrochleoanconeus \[[@B27], [@B28]\], and gastrocnemius \[[@B29]\] muscles, have been used as experimental models to assess the intracellular insulin signaling pathway under different metabolic conditions \[[@B30]\]. However, this pathway has not yet been fully understood in the masseter muscle. Therefore, this study aimed to analyze IR/IGF1/IRS1/Akt/PI3K in the masseter muscle under normal conditions and in the presence of resistance to insulin induced by dexamethasone.

Materials and Methods {#S2}
=====================

Rat model {#S2a}
---------

Animal procedures were conducted according to the guidelines of the Ethics Committee on Animal Research of the Federal University of Sergipe, which approved the study under protocol (CEPA 54/2009). Male Wistar rats were obtained from the central animal house of the Federal University of Sergipe, São Cristóvão, Sergipe, Brazil, and they weighed between 250 and 300 g. The rats were kept in a controlled environment (temperature of 23 ± 2 °C and 12-h light--dark cycle of period between 6:00 \[zeitgeber time (ZT0) and 18:00 ZT12\] and the rodents were offered commercial feed (Ração Labina, São Paulo, SP) and water *ad libitum*. The rats were randomly divided into two groups: control group (CON group), intraperitoneally injected with 0.9% NaCl (saline solution), and dexamethasone group (DEX group), intraperitoneally injected with 1 mg/kg body weight of dexamethasone (Decadron^®^ Aché, Guarulhos-SP, Brazil) for 10 consecutive days during the ZT6 period (12:00). The body weight of the rats was measured on a daily basis. On the 11th day, the rats were euthanized with the anesthetic sodium thiopental (Thiopentax^®^, Cristália, Itapira-SP, Brazil) (body weight: 40 mg/kg). Euthanasia was performed on a second experimental group of rats, and their body weight and masseter muscle weight were measured; then, the mastication (masseter) muscles were desiderated to obtain muscle dry weight (48 h, 50 °C), for subsequent statistical analyses.

Protein quantification by Western blotting {#S2b}
------------------------------------------

Sections of the right masseter muscle were isolated to establish time zero (basal protein phosphorylation). Subsequently, 0.5 ml of saline solution containing 5 mmol/L of insulin per kg of body weight was injected into the portal vein, and after 3 min, the sections of the left masseter muscle were removed from all the rats in both groups. The sections were macerated and transferred to Eppendorf tubes and homogenized in buffer solutions \[100 mM Tris, pH 7.4, 10 mM EDTA, 1% sodium dodecyl sulfate (SDS), 100 mM Na~2~P~2~O~7~,100 mM NaF, and 10 mM Na~2~VO~4~\]. Extracts were centrifuged at 12,000 rpm for 40 min at 4 °C to remove the insoluble material. Protein content in the supernatant was quantified using the Bradford protein assay (BioRad Lab, Richmond, CA, USA) and treated with Laemmli buffer; 25--50 μg of total protein was separated by polyacrylamide gel electrophoresis (6.5% SDS-PAGE and 12% polyacrylamide) and transferred to 0.45-μm nitrocellulose membranes. The membranes were blocked for 1 h in 5% non-fat milk. Subsequently, the samples were incubated overnight at 8 °C with antibodies against IR, IRS1, PI3K, Akt, pAkt (serine residue 473), and ERK1 diluted in a blocking buffer containing 3% non-fat dry milk. They were then washed without milk for 30 min with the blocking buffer. Finally, the intensities of the bands were quantified by optical densitometry (ImageJ sofware; [imagej.net/Downloads](http://imagej.net/Downloads)), and Ponceau S staining was performed to obtain a loading control. All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, Dalas, USA).

Statistical analysis {#S2c}
--------------------

All results are expressed as mean ± SEM. Two-way analysis of variance followed by Bonferroni's *post hoc* test was used to compare the two groups. Student's *t*-test was used whenever necessary. The level of significance was set at *p* \< 0.05. All statistics and graphs were analyzed using Prism software for Windows, version 5.01 (GraphPad Software, San Diego, CA, USA).

Results {#S3}
=======

Body weight gain and wet weight/dry weight ratio {#S3a}
------------------------------------------------

The body weight of the rats at the beginning of the study was similar between the groups. At the end of the final protocol (after 10 days of treatment), the rats in the DEX group exhibited a body weight loss of 15.42% (*p* \< 0.05), whereas the rats in the CON group exhibited a body weight gain of 7.99% (*p* \< 0.05) *(Fig.* [*1A*](#fig1){ref-type="fig"}). The wet and dry weights (g) of masseter muscles did not statistically differ between the groups *(Fig.* [*1B*](#fig1){ref-type="fig"} and *[1C](#fig1){ref-type="fig"})*. The ratio between the weight of the masseter muscle and body weight was 16.87% higher in the DEX group than in the CON group *(Fig.* [*1D*](#fig1){ref-type="fig"}*)*.

![Assessment of body weight and masseter muscle weight (masseter muscle weight and masseter muscle dry weight) in the CON (hollow bars; *n* = 10) and DEX groups (solid bars; *n* = 10). (A) Analysis of body weight in the CON and DEX groups at the beginning of dexamethasone treatment (time zero) and after 10 days of treatment. (B) Analysis of masseter muscle weight (g) in the CON and DEX groups after 10 days of treatment. (C) Analysis of muscle dry weight (g) in the CON and DEX groups after 10 days of treatment. (D) Ratio between the masseter muscle weight and body weight in the CON and DEX groups. Student's *t*-test was used for the analysis between the groups (\**p* \< 0.05)](imas-10-04-44_f001){#fig1}

Degree of expression of IR, IRS1, and PI3K and degree of phosphorylation/activity of IRSs and Akt {#S3b}
-------------------------------------------------------------------------------------------------

The degree of expression of IR, IRS1, and PI3K obtained from sections of the masseter muscle of the rats in the DEX group. The analysis of the intensity of bands in the membranes by densitometry showed that the levels of IR *(Fig.* [*2A*](#fig2){ref-type="fig"}) and PI3K *(Fig.* [*2B*](#fig2){ref-type="fig"}) in the masseter muscle were 56.85% and 30.73%, respectively, lower in the DEX group than in the CON group (*p* \< 0.05). The total level of IRS1 was similar between the groups *(Fig.* [*2C*](#fig2){ref-type="fig"}). *Figure* [*2D*](#fig2){ref-type="fig"} shows the degree of phosphorylation/activity of IRS1 obtained from sections of the masseter muscle of rats in the DEX and CON groups at the beginning of the experiment \[time zero (--)\] and after insulin stimulus (+). After insulin stimulus, the degree of phosphorylation/activity of tyrosine residues of IRS1 in the masseter muscle of the rats in the CON group was 38.15% higher than that at time zero (−). However, in the DEX group, there was no difference in the degree of phosphorylation before and after insulin stimulus *(Fig.* [*2D*](#fig2){ref-type="fig"}). The total level of Akt in the masseter muscle *(Fig.* [*2E*](#fig2){ref-type="fig"}*)* was similar between the groups. *Figure* [*2F*](#fig2){ref-type="fig"} shows the degree of phosphorylation/activity of Akt (phosphorylated at serine 473) obtained from sections of the masseter muscle of rats in the CON and DEX groups at time zero (--) and after insulin stimulus (+). After insulin stimulus, the degree of phosphorylation/activity of Akt from sections of the masseter muscle in the CON group was 513.18% higher than that at time zero (−). The DEX group also showed an increase in Akt phosphorylation compared with basal phosphorylation, but the magnitude of this increase was attenuated after insulin stimulus (266.63%) *(Fig.* [*2F*](#fig2){ref-type="fig"}*)*.

![Samples containing 25--50 mg of solubilized proteins were subjected to SDS-PAGE and immunoblotting using specific antibodies. A blot representative of the experiments is shown. The status of phosphorylation and protein expression (percentage) involved in intracellular insulin signaling in the masseter muscle of rats in the CON (hollow bars; *n* = 6) and DEX groups (solid bars; *n* = 6) was determined by stoichiometry. Analysis of the degree of expression of IR (A), PI3K (B), and IRS1 (C) in the masseter muscle in the CON and DEX groups. Analysis of the degree of IRS1 phosphorylation/activity in the masseter muscle in the CON and DEX groups before \[time zero (−)\] and after the infusion of insulin into the portal vein (+) (D). Total amount of Akt protein in the masseter muscle in the CON and DEX groups (E). Analysis of the degree of phosphorylation/activity (phosphorylation at serine 473) of Akt in the masseter muscle in the CON and DEX groups before \[time zero (−)\] and after the infusion of insulin into the portal vein (+) (F). Student's *t*-test was used in the intergroup analysis (\**p* \< 0.05)](imas-10-04-44_f002){#fig2}

Degree of ERK1 expression {#S3c}
-------------------------

The expression of ERK1 obtained from sections of the masseter muscle of rats in the DEX and CON groups. The analysis of the intensity of bands in membranes by densitometry indicated significant differences between the groups *(Fig.* [*3*](#fig3){ref-type="fig"}*)*.

![Analysis of the degree of ERK1 expression in the masseter muscle of rats in the CON (hollow bars; *n* = 6) and DEX groups (solid bars; *n* = 6). Student's *t*-test was used in the analysis between the groups (*p* \< 0.05)](imas-10-04-44_f003){#fig3}

Discussion {#S4}
==========

In this study, treatment with dexamethasone induced body weight loss, which is in line with literature data associated with reduced food intake and dose-dependent weight gain \[[@B31]\]. Similar studies have demonstrated that treatment with dexamethasone at 1 mg/kg body weight leads to body weight loss, muscular atrophy, and resistance to insulin as shown in the anterior tibialis and extensor digitorum longus muscles \[[@B22]\]. However, this study did not show any significant difference in the wet and dry weights of the masseter muscle.

The ratio between masseter muscle weight and body weight was significantly higher in the DEX group. The studies have shown that muscular atrophy caused by high doses and/or the chronic use of dexamethasone is a consequence of a reduced rate of muscle protein synthesis and an increased rate of muscle proteolysis, which is a result of the impairment of several kinases of the insulin signaling pathway \[[@B24], [@B32]\].

Dexamethasone, which is a potent synthetic glucocorticoid analog of cortisol, was used to induce resistance to insulin. It is widely used in the field of pharmacology for its dose-dependent anti-inflammatory and immunosuppressive activities \[[@B19], [@B33]\]. Moreover, its chronic use induces adverse effects in the body, such as skeletal muscle myopathy \[[@B22], [@B23]\] and muscular weakness and deterioration in patients with Cushing's syndrome \[[@B24]\].

Few studies in the literature have investigated the insulin signaling pathway in the masseter muscle, which is a complex muscle that covers almost the entire side of the jaw and is thus involved in mastication, salivation, and speech. In male rats, masseter muscle fibers exhibit an intracellular response to the action of testosterone, which in turn promotes the phenotypic transformation of part of the slow fibers into fast fibers \[[@B34]\]. According to these authors, the predominance of fast fibers in this muscle appears to be associated with the increase in force generation during mastication.

In this study, total IR expression was lower in the DEX group than in the CON group, which may result in changes in the activity or degree of phosphorylation of intracellular proteins located downstream of the IR/IGF1R signaling pathway. Other researchers \[[@B35]\] reported that there was an increase in the degree of IRS1 phosphorylation in primary cultures of skeletal muscle myocytes incubated with dexamethasone for 48 h. Some authors \[[@B36]\] suggested that dexamethasone induces a decrease in the total content of IRS1 was associated with an increase in the degree phosphorylation in muscles of the posterior limbs of rats. However, in our study in the masseter muscle, there was no significant difference in total IRS1 content after treatment of dexamethasone.

There was an increase in the degree of phosphorylation/activity of IRS1 in the masseter muscle of the CON rats after insulin stimulus but not in the muscle of the rats treated with dexamethasone. Our results differed from those obtained by Saad et al. \[[@B36]\] who investigated the leg's hindlimb muscle. We do not exclude the hypothesis that proteins involved in the IR/IGF1R signaling pathway have distinct levels and/or degrees of phosphorylation, because they exhibit tissue-specific responses. Burén et al. \[[@B28]\] stated that the degree of phosphorylation of proteins involved in the IR/IGF1R signaling pathway isolated from fast muscle fibers is different from that of fibers in other muscle territories, such as the soleus muscle.

The masseter muscle of the rats treated with dexamethasone had a lower total PI3K level than that of the CON rats. PI3K is involved in the metabolism of glucose stimulated by insulin and acts on mitogenesis and cell differentiation \[[@B11], [@B37]\]. The phosphorylation of PI3K in turn increases the degree of phosphorylation of the serine residues of PKB (also known as Akt). Akt is an important central component of the signaling pathway and is involved in protein synthesis (via the activation of mammalian target of rapamycin kinase and of the glycogen synthase kinase 3β pathway) \[[@B32], [@B38]\] and in intracellular protein degradation (mediated by the transcription of proteins belonging to the FoxO family) \[[@B39], [@B40]\].

Although there was no significant change in the expression of total Akt in this study, there was an increase in the degree of Akt phosphorylation in the CON group after insulin stimulus. The increase in the degree of phosphorylation was attenuated in the DEX group after insulin stimulus. According to Umeki et al. \[[@B23]\], treatment with dexamethasone for 2 weeks promotes atrophy of the masseter muscle and these events are related to the downregulation of the Akt/mTOR pathway and upregulation of the proteolytic pathway (MURF1 and ATROGIN). These effects are probably caused by the high glucocorticoid concentration that was used (six times higher than that used in this study).

Previs et al. \[[@B16]\] reported that the involvement of different isoforms of IRSs, e.g., IRS1 and IRS2, when phosphorylated, acts differently on different organs and on body development. They demonstrated that the deletion of IRS1 in the body causes delayed growth and contributes to the development of resistance to insulin. The total deletion of IRS2 induces the development of diabetes, beta-pancreatic cell dysfunction, and peripheral and hepatic resistance to insulin. A review conducted by Thirone et al. \[[@B17]\] on the ERK/MAPK pathway also showed that these substrates have distinct actions on the skeletal muscle. IRS2 appears to act directly on the Akt/ERK/p38MAPK-dependent mitogenic and metabolic pathways, whereas IRS1 is implicated in events leading to the translocation of vesicles containing GLUT4 to the plasma membrane and in glucose uptake. In this study, the total level of ERK1 in the masseter muscle was similar between the groups; as no atrophy of the masseter muscle was observed, we suggest that the IRS2 pathway was unchanged.

In conclusion, treatment with dexamethasone promoted the reduction in the total amount of IR and PI3K. The degrees of phosphorylation of IRS1 and Akt were altered without implications for the total weight of the masseter muscle. These results indicate that the masseter muscle, because it is composed of fast fibers, exhibits a degree of phosphorylation/activity that is different from that of fibers in other muscle territories. In addition, the role of other pathways, such as those mediated by IRS2/Akt/ERK/p38MAPK, in the preservation of this muscle should not be ruled out.
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